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(54) Title: BIOSENSOR FOR DETECTING ADENOSINE 
(57) Abstract 

■■ A biosensor to detect adenosine which ? 
comprises the enzymes adenosine deaminase, : 
nucleoside phosphorylase and xanthine oxi- 
dase, (afunctional equivalents thereof, immo- 
bilized on a support and means to detect hy- 
drogen peroxide like an electrolytic celL De- 
tection of adenosine level can be particularly 
useful, for example, in the treatment of nar- 
colepsy, heart surgery and to improve the ef- 
fect of some medications. 
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1 

2 BIOSENSOR FOR DETECTING ADENSOINE 
3 

4 The present invention relates to a biosensor and assay 

5 for detecting adenosine. 
6 

7 Adenosine is an important and near universal 

i-8..'? neuromodulator in the peripheral and central nervous 

9 V systems. In the brain adenosine functions to protect 

: 10 cells against ischaemic damage. Additionally, 

.11 ■-. adenosine has been: implicated in the regulation of pain 

: fl2 pathways, the control of REM sleep, regulation of 

13 spinal motor patterns and synaptic plasticity 

14 underlying memory. ^Peripherally adenosine is 
;y\ ; 15 powerfully regulated in blood plasma and may be 

16 involved in regulation of blood pressure and other 

17 autonomic functions. 
18 

19 To facilitate study of adenosine various sensitive 

20 methods have been developed for measuring adenosine 

21 levels. However, such methods ultimately require 

22 running a sample through a High Performance Liquid 

23 Chromatography (HPLC) machine. Consequently, current 

24 methods suffer from the disadvantages due to the 

25 absolute requirement for such expensive machinery, 
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1 including lack of portability, the necessity of a 

2 skilled operator and the time required to perform a 

3 measurement. Methodologies reliant upon HPLC 

4 techniques also exhibit limited time resolution. 
5 

6 There thus exists a need to develop techniques enabling 

7 rapid time resolution of adenosine content in a sample. 

8 Desirably, such techniques would involve only portable, 

9 inexpensive equipment capable of providing rapid 
10 measurements by relatively unskilled operators. 
11 

12 Monitoring of adenosine presence and/or content may be 

13 of particular utility in the following situations: 
14 

15 Narcolepsv t is a disorder of REM sleep where the 

16 affected individual will experience irresistible 

17 sleep attacks of 5 to 30 minutes throughout the 

1*8 ■'■•'^ ^ day. The incidence of nafcdlepsy is 0.04 to 0.09% 

•19 r * v of the population- and very bfteii its sufferers go; 

20 ^ undiagnosed and suffer unwarranted social stigma J ■ ■ 

2iV • for apparent laziness. Sinfce^ adenosine may be 

fi- involved in Iturning on REM Sleep, it is possible 

23 that inadequate ^regulation of adenosine release 

24 could be a contributing factor. This in turn 

25 - suggests that measurement of adenosine levels in 

26 narcoleptics could have diagnostic value. 

27 . 

28 Effective Medication : many drugs are often only 

29 effective if their levels in plasma (and CSF) are 

30 kept at therapeutic levels. Elevation of 

31 adenosine may be desirable to protect neural 

32 damage following stroke, and a suitable 

33 measurement method would allow a drug treatment 

34 regime to be tailored to achieve the correct 

35 levels of adenosine. 
36 
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1 Heart Suroerv; Adenosine protects the heart during 

2 transient oxygen deprivation, by increasing the 

3 supply of blood to the heart, and reducing the 

4 work performed by the heart. Clinically, 

5 adenosine and drugs which target either adenosine 

6 degradation or reuptake are used to treat a 

7 variety of conditions. Abnormal heart rhythms can 

8 be terminated by transient application of 

9 adenosine. During heart surgery, the blood supply 

10 to the heart muscle is stopped. When the surgery 

11 is complete, reper fusion of the heart with blood 

12 causes damage to the muscle which can be greatly 

13 reduced by treatment with adenosine. However the 

14 problem with using adenosine as a treatment is 

15 that its actions depend upon the mode and locus of 

16 application as well the dose. To compound these 

17 problems even further, adenosine has a very short 

18 i half life in blood ( seconds to minutes ) . 

19 - Furthermore, if the patients are already on drugs 
2X) : V which modify adenosine uptake or degradation there 
.21 :«••?: is even further uncertainty over dosage. 

22 : : ; .. - ' 

The ability to determine adenosine levels in the . 

•24 . blood rapidly on-site (e.g. in an operating 

25 theatre during surgery or in an Outpatient 

26 Department) would remove uncertainty about dosage 

27 and would allow optimal treatment with adenosine 

28 and thus greatly improve the efficiency of 

29 treatment. 
30 

31 EP-A-0184909 to Alberry describes an enzymically based 

32 probe which may include the enzyme xanthine oxidase. 

33 However, there is no description of a probe capable of 

34 monitoring or detecting adenosine. 
35 

36 The present invention provides a bio-sensor comprising 
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the enzymes adenosine deaminase, nucleoside 
phosphorylase and xanthine oxidase (or functional 
equivalents thereof) and means to detect hydrogen 
peroxide. Desirably, the enzymes are in an aqueous 
environment, for example, are in aqueous solution. 

Generally, the enzymes will be entrapped by a suitable 
means, for example, a semi-porous membrane, although 
any means which enables the enzymes to interact with 
substrates in an aqueous phase whilst retaining the 
enzymes in a particular locality will be suitable. 
Suitable semi-porous membranes include semi -permeable 
glass membranes, for example of the type made by 
Sycopel International. One convenient form of hydrogen 
peroxide detecting means to be used in the biosensor is 
an electrolytic cell. It may comprise a single or a 
dual-barrelled probe each consisting of a 230um 
diameter semipermeable cylindrical glass membrane, a 
working electrode (eg. Pt electrode), a counter 
electrode (eg. Ag electrode ) and a reference electrode 
( eg . ' Ag-Agcl electrode ) . The dual-barrelled probes 
could be used as a quasi-differential device, in that 
enzymes cart be loaded into only one barrel and the 
difference signal between the two barrels measured. 

When placed into a sample containing adenosine the 
three enzymes will act in series to convert adenosine 
to uric acid with the evolution of hydrogen peroxide as 
a by-product. The rate of production of hydrogen 
peroxide is therefore proportional to the concentration 
of adenosine. The hydrogen peroxide can then be 
detected, for example, by using a platinum electrode. 
Our experiments have shown that adenosine 
concentrations as low as lOnM can be detected in this 
way. One advantage of the bio-sensor of the present 
invention is that it enables adenosine concentration to 
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5 

1 be monitored in real time. 
2 

3 The sequential action of the enzymes involved in the 

4 present invention can be described by the following 

5 equations which illustrate the order of action of the 

6 enzymes : 

7 adenosine " inosine + NH,t 

q adenosine deaminase 

10 inosine + Pi > hypoxanthine ♦ ribose-P 

H nucleoside phosphorylase 
12 

13 hypoxanthine > ^ic acid + H 2 0 2 T 

14 xanthine oxidase 
15 

16 The relative concentrations of neighbouring enzymes (xe 

17 adenosine deaminase: nucleoside phosphorylase and 

18 nucleoside "Phosphorylase: xanthine oxidase) yill affect 

19 the" efficacy of the bio-sensor since product ;; , 

20 inhibition .may cause a decay in the responseO observed. 

21 •"VRitios ^of : adenosine deaminase: nucleoside phosphorylase 

22 of from 1:100 to 1:1 (especially 1:10 to 1:*> and 

23 ratios of nucleoside phosphorylase: xanthine oxidase of 

24 from 1:100 to 1:10 (especially 1:50 to 1:10) are 

25 satisfactory. In general a relative increase in the 

26 concentrations of enzymes used (in the order adenosine 

27 - deaminase: nucleoside phosphorylase: xanthine oxidase) 

28 is required. Examples of suitable such ratios are 

29 1:200:500 which has an efficiency of approximately 50% 

30 and 1:2:100 which has an efficiency of approximately 

31 80%. A ratio of adenosine deaminase: nucleoside 

32 phosphorylase: xanthine oxidase in the range 1:1:50 to 

33 1:5:200 is preferred and a ratio of approximately 

34 1:2:100 is especially preferred. 
35 

36 In a further aspect, the present invention provides a 
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! method of detecting adenosine in a sample, said method 

2 comprising exposing the sample to the enzymes adenosine 

3 deaminase, nucleoside phosphorylase and xanthine 

4 oxidase (or functional equivalents thereof) such that 

5 the enzymes can act sequentially on the sample, and 

6 measuring the production of hydrogen peroxide. The 
amount of hydrogen peroxide provided is directly 
proportional to the amount of adenosine in the sample. 
If required, the evolution of hydrogen peroxide can be 
measured over time to enable adenosine content to be 



7 
8 
9 
10 

U monitored, for example, in real time. 

12 
13 
14 
15 
16 
17 
18 



in yet a further aspect, the present invention provides 
a method of diagnosis and treatment of pathological 
conditions that result from faulty regulation of 
adenosine, said method comprising detecting the levels 
of adenosine in a patient in the manner described 
LO above. For:example the method of the invention can be 

19 used in diagnosing sleep disorders (such as. ,J..,, 

20 narcolepsy) . . .. .- y ■/ ■ .'; 

in still a 'further aspect, the present invention 
provides a method of monitoring drug requirements in a 
patient, herein said drug affects the in vivo levels 
of free adenosine in a body fluid or an organ of said 
patient, said method comprising detecting the level of 

27 adenosine in said fluid or organ in the manner 

28 described above. 

In a yet further aspect, the present invention provides 
a method of monitoring adenosine levels in a patient 
before, during and/or after surgery, wherein the 
adenosine levels are detected in the manner described 
above. A particular example is the monitoring of 
adenosine levels in the blood supply to the heart at 
least during part of a cardiac surgical procedure in 
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1 order to ensure that, if necessary, adenosine levels 

2 are boosted to the levels required to combat damage to 

3 the cardiac muscle following reperfusion of the heart. 

4 conveniently the adenosine levels are monitored 
continuously or intermittently at appropriate time 
intervals by use of the bio-sensor of the present 



5 
6 

7 invention. 
8 
9 
10 



in certain samples there may be electro-active specxes 

lv which are also present. These electro-active specxes 

U could interact non-specif ically with the platinum 

12 electrode of the bio-sensor and influence the accuracy 

13 of the result obtained. Such non-specific interactions 

14 should desirably be filtered out from the final readxng 

15 in order to obtain accurate correlation of hydrogen 

16 peroxide production with adenosine content. 

ll in a modification of the method described above, it is 
19 envisaged that the biosensor is placed into the sample 
* of interest and a stable reading obtained, this reading 
being the sum of the interaction at the: electrode due 
to evolution of hydrogen peroxide and also the activity 
£ , arising from any non-specific electro-active species 
24 present. In the modification a specif ic inhibitor to 
adenosine deaminase is then introduced. The inhibitor 
would block the first reaction of the series, 
preventing hydrogen peroxide production. Consequently, 
the portion of the final signal due to adenosine 
presence obtained after inhibitor introduction would 

30 cease. In other words, the reduced signal will be due 

31 solely to the presence of electro-active specxes 

32 interacting non-specif ically with the platinum 

33 electrode. This reduced reading would then be 

34 subtracted from the initial reading to produce the 

35 signal due only to adenosine presence. Suitable 

36 inhibitors for adenosine deaminase include EHNA 
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,erythro- 9 -(2-hydro^-3-nonyl).denine) and " f °™"" s 
£Ler information regarding adenosine uptake sys em. 
Zy be obtained by u.in, a blocker of adeno.xne uptake, 
for example NBTG (S - ( 4-nitrobenzyl>-6-thio,u.ncsine> . 

The platinum electrode need for hydrogen peroxide 
Lection in the present invention .ay he e«-*-^ 
. ootentiostat which holds the voltage of the electrode 
cnTtant at *6S0mV. suitable equipment is u«d 
bv sycopel. It is possible for a reference •»•"">■»• 
Z bHncluded in the bio-sensor, although this is not 
essential. A suitable reference electrode could 
consist of the last two enzymes placed xnto a buffer 
solution. 

„ a further aspect, the present invention provides the 
sequential use of the enzymes adenosine 
Jcleoside pbosphorylase and £ 
sensor. Generally, the bio-sensor wxll be adapted t 
Tnitor adenosine and will be used in con Junction with, 
a means for detecting hydrogen peroxide. 

Th e technigue described above has ^enWto measere 
the release of adenosine from Xenopus embryo 
rrd during swimming. hd.no. in. is ^'^ow* 
ventral part of the spinal cord « build. «P slow 
during swimming episodes before decaying » 
baseline levels once the activity has finished^ Our 
e xr>eriments provide the first demonstration that 

=r.r 'rn:rr.r->~ 

TroductL ha. been monitored in real time durrn, 
neural activity. 

The invention is further illustrated by the following, 
non-limiting, examples and drawings: 
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1 BRIEF DESCRIPTIOH OF THE DRAWINGS 

2 Figure 1. shows the detection of adenosine 

3 concentration in vitro by enzyme microprobe obtained 

4 with a biosensor of the inevntion. 

5 Figure 2. shows the detection of adenosine-release 
during swimming activity in a Xenopus embryo. 
Figure 3. shows a schematic representation of the way 
biosensor of the invention is working and the 
biochemical principle behind enzymatic-electrochenucal 
detection of adenosine. 

Figure 4. shows an in vitro calibration and 
characterization of an adenosine biosensor of the 

" ^ret'shows how a biosensor probe of the invention 

15 can detect adenosine released from the spinal cord 

16 during fictive locomotion. 

17 FigureG. shows how blockers of adenosine uptake 

18 greatly enhanced the release of adenosine from the 

19 spinal cord. 

: 20 i 

21 Example 1 

23 T^im'^M. nrnhP- wit-h »nw- s ^^ gn& 

24 . « t/TT. SIGMA) > 0.2U 



6 
7 
8 
9 
10 
11 
12 



25 0.001U of adenosine deaminase (type VII, SIGMA) ' 

26 of nucleoside phosphorylase (from calf spleen, «W. 

27 and 5U of xanthine oxidase (from micro-organ.sm, SIGMA) 

28 were dissolved in 40,1 of a saline consisting of 
llSmM NaCi, In* NaP if 10mM HEPES , P« 7.4. 
solution was then introduced into a biosensor probe 
(SYCOPEL) at a flow rate of SO/il/hour. 



29 
30 
31 
32 

33 y fl tro calibration 

34 
35 
36 



» Biosensor Driver (SYCOPEL, was used to hold the probe 
at ,650»V end recorded any current signals generated. 
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10 

1 When dual probes were used in a differential" mode (with 

2 enzymes being present only in one barrel) two Biosensor 

3 Drivers were used (one for each probe) and the 

4 difference signal between the two was obtained by a 

5 differential amplifier. Probes were calibrated by 

6 placing them in a continuously stirred bath with a 

7 volume of 7ml. Concentrated aliguots of adenosine were 

8 successively added to give the desired bath 

9 concentration of adenosine. Greatest stability was 

10 achieved when the probe and bath were shielded from all 

11 air currents. The results are given in Figure 1. 
12 

13 Example 2 
14 

15 ^nrHinn ad^inp release during «Wllfflll*M! Ul *efl°PHfi 

16 embryos 
17 

18 Stage 37/38 Xenopus embryos were paralysed with o- 

19 bungarotoxin and prepared for physiological recordings 

20 using well established techniques (eg Dale, N. 1995 

21 -Experimentally derived model for the locomotor pattern 

22 generator in the Xenopus embryo" J • Physiol. (Lohd.) 

23 1BJ.: 489-510) . To increase the stability of the 

24 recordings, the head and trunk skin of the embryo 

25 (which is ciliated and thus causes strong water 

26 currents in the bath) was completely removed. The 

27 embryos were bathed in a physiological saline that 

28 contained U5mM NaCl, 3mM KCl, 2mM CaCl 2 , ImM MgCl 2 , ImM 

29 NaP if 2.4mM NaHCOj, 10mM HEPES, Ph 7.4. The muscles 

30 overlying the spinal cord were removed and the animal 

31 then immobilized in a small recording chamber (0.5ml 

32 volume). Extracellular ventral root recordings were 

33 made to allow swimming activity to be monitored. The 

34 adenosine-sensing probe was carefully aligned with - 

35 and gently pressed onto - the lateral side of the 

36 spinal cord. There was no fluid flow within the 
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2 
3 
4 
5 
6 
7 

e 

9 
10 

n 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 



recording chamber and the chamber and probe were 
carefully shielded from external air currents. Once a 
stable background signal had been obtained from the 
probe, swimming was evoked by brief (0.5ms) electrical 
stimuli to the tail skin of the embryo. The results 
are given in Figure 2. 

Example 3 



Adenosine biosensor probes 

Single and dual -barrel led biosensor probes were 
obtained from Sycopel International. Each barrel 
consisted of a 230um diameter semipermeable glass 
membrane, a Pt working electrode, an Ag counter 
electrode and an Ag-AgCl reference electrode. They 
were also fabricated with a 30° bend that allowed the 
probe to be placed parallel to the embryo spinal cord 
(see Example 4 below). The dual-barrelled probes could 
be used as a quasi -differential device, in that enzymes 
were loaded into only one barrel and the difference 
signal between the two barrels was measured. In this 
case the reference and counter electrodes of one barrel 
were connected to the equivalent electrodes in the 
other barrel. 

0.05U of adenosine deaminase, 0.1U nucleoside 
phosphorylase (both from calf spleen, SIGMA) and 5U of 
xanthine oxidase (bacterial, SIGMA) were dissolved in 
40ul of saline (115mM NaCl, ImM NaP t , 10mM HEPES, Ph 
7.4). 10nl of the enzyme mixture was then loaded, at a 
rate of 30nl/hour, into the probe (one barrel for the 
dual probes ) . The probes were controlled by a 
potentiostat (Biosensor Driver, Sycopel international; 
one for each barrel for the dual probes) that held the 
working electrode at +650mV to detect H 2 0 2 . 



! 

! 
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1 For the dual probes the output of the two controlling 

2 biosensors was fed into simple differential amplifier 

3 to provide a signal that was proportional to the 

4 difference between the two probes. 
5 

6 In vitro measurements 

7 Calibration and testing of the probe took place in a 

8 vessel (7ml volume). The probe was immersed in saline 

9 that was constantly stirred. To ensure maximum 

10 stability of measurement, care was taken to shield the 

11 vessel and probe from drafts. The adenosine 

12 concentration in the vessel was changed by adding 

13 concentrated aliquot s to raise the overall 

14 concentration to known levels. Successive amounts of 

15 adenosine were added to give a calibration curve (Fig. 

16 4). Other agents (eg coforroycin and inosine were added 

17 in this way too). 
18 

19 When loaded into a semipermeable glass microprobe, the 

20 three enzymes completed a biosensor (Fig. 3) that was 

21 very sensitive to adenosine and showed linear responses 

22 from lOnM upwards (Fig. 4a,c,d). In a volume of only a 

23 few hundred Mir this is equivalent to a lower limit of 

24 detection for adenosine of a few pmol. With complete 

25 efficiency in the enzyme cascade , the response to a 

26 given dose of adenosine would be identical to that 

27 resulting from the same dose of inosine. It was found, 

28 by comparing the responses to adenosine and inosine, 

29 that the efficiency was around 80% (Fig. 4b). The 

30 initial enzyme, adenosine deaminase, can be 

31 specifically blocked by coformycin (see Agarwal et al 

32 (1978) Methods in Enzymology 51:502-507). Therefore 

33 50-500nM coformycin was added to the bathing medium. 

34 This blocked the response to adenosine but crucially 

35 had no effect on the response to inosine (Fig. 4b). 

36 Coformycin can therefore be used to block only the 
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1 first step of the cascade and demonstrate that any 

2 responses rely specifically on the activity of 

3 adenosine deaminase. 
4 

5 Example 4 
6 

7 The biosensor was next used to monitor the production 

8 of adenosine during locomotor activity in the Xenopus 

9 embryo spinal cord. ATP and adenosine have important 

10 actions function on the spinal circuitry (see Dale et 

11 al, (1996) Nature 383:259-263) and the changing balance 

12 between these two modulators mediates the run-down and 

13 spontaneous termination of locomotor activity (see Dale 

14 et al (1996) supra). This proposed control system 

15 relies on adenosine being produced with a delay from 

16 synaptically released ATP so that its build-up 

17 throughout motor activity is slow. However direct 

18 evidence for the production of adenosine is lacking; it 

19 remains unclear whether it is produced from the 

20 extracellular breakdown of ATP or is released 

21 synaptically; and no information is available about the 

22 time course of its production. 
23 

24 Measurements of adenosine release from embryo spinal 

25 cord 
26 

27 Stage 37/38 Xenopus embryos were prepared for recording 

28 by means of well established techniques (Kahn et al 

29 (1982) Journal of Experimental Biology 99:185-196). In 

30 brief, in accordance with the UK Animals (Scientific 

31 Procedures) Act (1986) embryos were anaesthetized in 

32 MS222 and the dorsal fin slit. They were then treated 

33 with a-bungarotoxin (0.077mg/ml) until they were 

34 immobilised. The trunk skin was then removed and the 

35 muscles overlying one side of the spinal cord from the 

36 hindbrain to the obex were removed to expose the spinal 
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1 cord. The animal was pinned in a small chamber (0.5ml 

2 volume) so that the lateral side of the exposed cord 

3 was uppermost. Ventral root recordings were made from 

4 the intermyotome clefts and the biosensor probe was 

5 laid along the length of the exposed cord. For dual 

6 probes the barrel with enzymes was in contact with the 

7 cord, while the reference barrel was necessarily 

8 further away (due to the size of the probe relative t 

9 the spinal cord, Fig. 3). Thus the dual probe 

10 recordings were not true differential recordings. 

11 Nevertheless the difference signal was more stable and 

12 less prone to drift and environmental disturbance. The 

13 ventral root recording and output from the biosensor 

14 drivers was plotted on a thermal array recorder 

15 (Graftek). Unlike the in vitro measurements, the fluid 

16 in the recording chamber was kept stationary except 

17 during solution changes . The saline for physiological 

18 recordings contained 115mM NaCl, 2.4mM NaHC0 3 , 3mM KC1, 

19 2roM CaCl 2 , ImM MgCl 2 , 1 or 2mM NaP ir lOmM HEPES, pH 7.4. 
20 

21 Wh6h the probe was aligned with the ventral: portion of 

22 the spinal cord clear responses occurred during motor 

23 activity (Fig. 5). The ventral cord also contains the 

24 densest staining for 5 ' -nucleotidase activity. The 

25 probe current slowly rose during swimming, and then 

26 after the activity had ceased gradually fell back to 

27 baseline over a period of several minutes (Table 1). 

28 This current was due to release of adenosine from the 

29 spinal cord, since block of adenosine deaminase by 50nM 

30 coformycin greatly reduced the signal from the probe 

31 (n»6). The signals recorded from the probe were 

32 variable depending upon the placement of the probe 

33 relative to the spinal cord. They corresponded to 

34 increases in adenosine concentration ranging from lOnM 

35 to lOOnM with a mean change of 58nM (n»13, Fig. 5a, 

36 Table 1). In 4 additional experiments the change in 
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1 adenosine levels was much larger and ranged from 150 to 

2 nearly 650nM (mean change 377nM, Fig. 5b, Table 1). 

3 These large signals could also be blocked with 

4 coformycin (Fig. 5b) and were presumably recorded 

5 because the probe was fortuitously placed very close to 

6 the source of adenosine production. In these 4 cases, 

7 the levels of adenosine continued to rise for 15-7 2s 

8 beyond the end of the episode before falling back to 

9 baseline (Table 1). This behaviour may be expected if 

10 adenosine is produced from a pool of AMP that 

11 accumulates in the extracellular space and persists 

12 after neural activity has finished. 
13 



Table 1 



Type 


Change in 

[Adenosine] 

(Nm) 


Half decay 
time ( sec ) 


Delay to 
peak (sec) 
(peak-end) 


Ratio 
(peak/ end) 


Small (n»13) 


58+6 


90+19.3 


6.5+4.8 


1.1+0.1 


Large (n=4); 


377+106 


104+16.8 


49+12.3 


2.0+0 f 4 



18 Magnitude: arid time course of adenosine-productibn 

19 during swimming.' The data are divided into two groups 

20 dependent upon si2e of adenosine response (see text). 

21 The "half decay time" is the time for the adenosine 

22 level to fall to half its peak value; the "delay to 

23 peak" refers to the delay between the end of a swimming 

24 episode and the peak of the adenosine response; ajid the 

25 "ratio" is the peak concentration of adenosine divided 

26 by that achieved at the end of the episode of swimmings. 

27 All values expressed as a mean + sem. The n numbers 

28 refer to the number of preparations. 
29 

30 

31 Example 5 

32 To test whether adenosine uptake systems could play a 

33 role in limiting the rise of adenosine during locomotor 
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1 activity, the effects of NBTG a blocker of adenosine 

2 uptake, were studied. At l*iM, NBTG had two effects 

3 (Fig. 6): it greatly enhanced the magnitude (means 60 

4 ±9 and 175 ± 44 Nm in control and NBTG respectively, 

5 n=5) and rate of the rise in adenosine concentration 

6 (means 37+7 and 101 ± 34 Nm.min* 1 in control and NBTG 

7 respectively, n=5); and it slowed the recovery after 

8 the cessation of motor activity (in 3 of 5 preparations 

9 the probe signal did not decay to half peak within 5 

10 minutes)- This result suggests that adenosine uptake 

11 plays an important role in slowing and limiting the 

12 rise in adenosine concentrations during activity. 
13 

14 That levels of adenosine can continue to rise even 

15 after locomotor has ceased, effectively rules out the 

16 possibility that adenosine is released from neurons as 

17 a transmitter. Instead, it strongly suggests that it 

18 is produced from the breakdown of synaptically released 

19 ATP via an extracelluar intermediate. The possible 

20 time course of ATP catabolism was analysed by modifying 

21 a model for ectonucl/eotidase action that was originally 

22 proposed for endothelial cells (see Gordon et al. 

23 (1986) Journal of Biological Chemistry 261: 15496- 

24 15504). This earlier work used Michaelis-Menten 

25 kinetics to describe the actions of each enzyme, and 

26 " incorporated feed-forward inhibition by ADP of the 

27 conversion of AMP to adenosine as described below. 
28 

29 Simulation of breakdown of ATP 

30 The methods and equations of Slakey (1986) Journal of 

31 Biological Chemistry 261: 15505-15507 were adapted. In 

32 brief, the breakdown of ATP was considered as 4 coupled 

33 irreversible reactions (through ADP, AMP and finally 

34 adenosine). The velocity of each reaction (without 

35 feed- forward inhibition) was described by the following 

36 equation: 
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1 v = V B „fS1 (1) 

2 K. + [S] 
3 

4 The four coupled reactions were: 
5 

6 dfATPl = -v m + k R (2) 

7 dt 
8 

9 diAEEl = "at? - v ar (3) 

10 dt 
11 

12 dfAMPl = vxb, - v m (4) 

13 dt 
14 

15 dfADQl = Vamp - v„ (5) 

16 dt 
17 

18 

19 where k R is the rate of release of ATP (and was set to 3 

20 during swimming and 0 at other times); v kri , v^p and 

21 are the velocities of breakdown of ATP, ADP and AMP and 

22 v„ is the velocity of adenos ine-uptake . The velocities 

23 v- krt Vmh, and v„ were calculated according to eguation 

24 (1). However, to incorporate competitive inhibition by 

25 ADP of the breakdown of AMP, v m was described fc>y the 

26 following equation: 

27 v m = VJS]' : (6) 

28 ; • ; 

29 Ml+J^fiEJJ + tS] 

30 K t 
31 

32 where K t is the equilibrium constant of inhibition. The 

33 " parameters used are taken from Slakey et al and are 

34 summarized in Table 1. The four differential equations 

35 (2-5) were integrated numerically using a Runge-Kutta 

36 fourth order algorithm with adaptive step size control 

37 (see Press et al (1988) Numerical recipes in C. The 

38 art of Scientific computing Cambridge University 

39 Press). Simulations were run on a Sun Ultra 170E. 
40 

41 Without feed-forward inhibition of the breakdown of 

42 AMP, the peak of adenosine concentration occurred close 

43 to the end of the episode of activity (Fig. 6b). 
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1 However when feed- forward inhibition was introduced, 

2 AMP accumulated during the activity and the build-up of 

3 adenosine was slowed and its peak concentration was 

4 delayed until well after the end of activity (Fig. 6c , 

5 compare to Fig. 4b) . These new observations directly 

6 demonstrate that adenosine is produced from ATP in the 

7 extracellular space and strongly support the existence 

8 of feed-forward inhibition to slow the build-up of 

9 adenosine- This suggests, in turn, that the run-down 

10 of motor activity depends very strongly on the nature 

11 of the feed-forward inhibition of the 5 ' -nucleotidase. 
12 

13 A period of relative refractoriness for motor activity 

14 follows swimming episodes in the Xenopus embryo. To 

15 reliably elicit episodes of consistent length, a gap of 

16 at least 3 minutes must elapse between the end of one 

17 episode and the onset of the next (see Wall and Dale 

18 (1995) Journal of Physiology 487: 557-572). As this 

19 period correlates well with the elevated levels of 

20 adenosine that follow an episode of swimming, the 

21 persistence of adenosine in the extracellular space may 

22 contribute to the transient refractoriness of spinal 

23 circuits following motor activity. 
24 

25 This new method could be adapted to allow real-time 

26 'measurement of adenosine production both in brain 

27 slices and freely behaving animals. In both cases the 

28 ability to perform rapid determination of adenosine 

29 levels and specifically relate any changes to neural 

30 activity should greatly enhance our understanding of 

31 the functional roles of adenosine. This technique 

32 could be used in a device capable of the rapid 

33 determination of adenosine in human blood and CSF which 

34 may be of value in the diagnosis and treatment of 

35 disorders of the heart and circulation, asthma and 

36 neurological deficits resulting from faulty regulation 
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ATP 


ADP 


AMP 


Adenosine uptake 
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22 


3.2 


3.0 


1 


6 


K» 


333 


95 


9.4 


10 
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Ki 




3.3 
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15 
16 
17 
18 
19 
20 
21 
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23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 



Kinetic parameters used in model for simulation of 
breakdown of ATP. Units for are arbitrary while 
those for K. and K t are in uM. 

FIGURE LEGENDS 

Figure 1 - Detection of adenosine in vitro by enzyme 
microprobe 

A A dual probe was run in quasi-differential mode 
: with enzymes present in only one barrel. The 
difference signal between the two probes is 
••„-. plotted against time as successive additions to 
adenosine raise the bath concentration of ... 
adenosine to 10, 20, 40, 80 and 160nM. 

B Plot of the peak current response versus 

concentration of added adenosine. The response is 
linear and has a slope of 3.6 nM/pA. 

Figure 2 - Detection of adeno sine-release during 
swimming activity in a Xenopus embryo 
A Top trace (probe) is the signal from the dual 
probe in differential mode. The bottom trace 
(v.r.) is the ventral root activity recorded from 
a paralysed embryo. Although the embryo is 
paralysed it can still produce the appropriate 
neural commands to control swimming and these are 
monitored by the ventral root electrode. Swimming 
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1 activity was elicited by an electrical stimulus to 

2 the skin at *. The episode lasts nearly 3 minutes 

3 before spontaneously stopping. During swimming 

4 the signal from the adenosine probe gradually 

5 rises. Once the episode of swimming finishes, the 

6 signal from the probe falls back to baseline. 
7 

8 B The specific signal related to adenosine can be 

9 blocked by EHNA, an inhibitor of adenosine 

10 deaminase. In the same preparation as (A) EHNA 

11 was added to the bath and swimming evoked. Only a 

12 much smaller, non-specific signal is seen. 
13 

14 Figure 3. The principle behind the enzymatic- 

15 electrochemical detection of adenosine. 

16 Schematic of a dual biosensor probe 20 lying parallel 

17 to the spinal cord 18 (drawn roughly to scale, Top). 

18 Inside bne barrel 16, the three enzymes of the cascade 

19 are present. Inside the other barrel 14, no enzymes 

20 are present. Adenosine diffuses from myomers 22 

21 through the semipermeable glass membrane 10 and is 

22 successively metabolized to uric acid with the 

23 liberation of H 2 0 2 which then donates electrons to the 

24 Pt working electrode 12 at which is applied a voltage 

25 of +650mV. The current detected is thus proportional 

26 to the amount of adenosine present. 
27 

28 Figure 4. In vitro calibration and characterization of 

29 the adenosine biosensor. 

30 (a) Successive amounts of adenosine were added to the 

31 bath at each arrow to raise the concentration of 

32 adenosine in the bath by the amount indicated under 

33 each arrow. The change in probe current resulting from 

34 each application of adenosine is plotted in (c). This 

35 shows that probe responds in a linear fashion. 
36 
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1 (b) In the same experiment 80nM inosine was added 

2 (immediately after the 80nM adenosine). The response 

3 to inosine (substrate for the second enzyme in the 

4 cascade) was about 25% bigger than the response to the 

5 same amount of adenosine, indicating some loss of 

6 efficiency in the probe. 500nM coformycin, a specific 

7 blocker of adenosine deaminase was added. This rapidly 

8 reduced the probe current (due to the continued 

9 presence of adenosine in the bath) and greatly 

10 attenuated the response to subsequent addition of 

11 adenosine. However the response to inosine was 

12 unaffected. Thus coformycin only disables the first 

13 part of the cascade but leaves the rest intact making 

14 it a good test for the specificity of the device. 
15 

16 (d) After the coformycin had been washed out, the 

17 sensitivity of the probe to adenosine recovered 

18 (although it was still slightly lower than in c). This 

19 .calibration shows that the response to adenosine was 

20 linear from lOnM to 2nM. 

21 • ■, 

22 ■■; Figure -5. ; The biosensor probe can detect adenosine 

23 r~ released from the spinal cord during fictive 

24 locomotion. 

25 (a) Production of adenosine during two, consecutive 

26 " episodes of swimming monitored by a ventral root 

27 recording (v.r.). Note the slow rise in the probe 

28 current and the slow decay after the end of swimming 

29 episode. The increases in probe current are equivalent 

30 to a change in adenosine concentration of about 60nM. 

31 The record at the right shows that application of 50nM 

32 coformycin blocks most of the probe current indicating 

33 that the signal is largely due to the release of 

34 adenosine. 
35 

36 (b) Example (from another preparation) where favourable 
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placement of the probe relative to the spinal cord 
resulted in a massive signal equivalent to a change in 
adenosine concentration of about 370nM. In this case 
there is a fast component to the probe current (arrow) 
seen at the beginning of the swimming activity. Note 
that the probe signal continues to rise for about 50s 
after the end of the swimming episode. Application of 
50nM coformycin blocked the probe current , but left a 
small fast component. The large slowly developing 
component of the probe current was thus specifically 
due to the release of adenosine. 

Figure 6. Blockers of adenosine uptake greatly 
enhanced the release of adenosine from the spinal cord. 

(a) In the control (left) the probe current involved 
both fast (arrow) and slow components, the slow 
component being equivalent to a rise in adenosine 
concentration of around 64nM. After application of luM 
NBTG (right).;, to block adenosine -uptake, the .fast 
component (arrow) was unchanged, but the slow component 
was greatly Increased in amplitude and rate of rise 
(equivalent to a change of about 150nM) . 

(b) Simulation of the breakdown of ATP without feed- 
forward inhibition by ADP . The peak of adenosine 
concentration is only lightly delayed relative to the 
end of a swimming episode (shown by bar)* 

(c) When feed- forward inhibition is incorporated, AMP 
accumulates and the peak of adenosine concentration 
occurs well after the cessation of activity. The trace 
for ATP is unmarked in both panels. Both the 
concentration and time scales are in arbitrary units. 
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2 CLAIMS 



3 

4 1. A biosensor to detect adenosine which 

5 comprises the enzymes adenosine deaminase, 

6 nucleoside phosphorylase and xanthine 

7 oxidase, or functional equivalents thereof, 

8 immobilized on a support and means to detect 

9 hydrogen peroxide. 
10 

11 2. A biosensor as claimed in Claim 1, wherein 

12 said detection means comprises an 

13 electrolytic probe, 
14 

15 3. A biosensor as claimed in Claim 1 or 2, 

16 wherein said enzymes are in an aqueous 

17 environment. 
18 

19 4. A biosensor as claimed in any of Claims 1 to. ,. 

20 3, wherein said enzymes are immobilised on a 

21 semi-porous membrane. 

22 ■; • 

23 5. A biosensor as claimed in Claim 4, wherein 

24 said semi-porous membrane is a semi -permeable 

25 glass membrane. 

26 - 

27 6- A biosensor as claimed in any of Claims 1 to 

28 6, which comprises a single or a dual- 

29 barrelled probe, said probe consisting of a 

30 glass membrane f an electrolytic cell which 

31 comprises a working electrode,. a counter 

32 electrode and a reference electrode and 

33 wherein the said enzymes are immobilized onto 

34 said glass membrane. 
35 

36 7. A biosensor as claimed in Claim 6, wherein 
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1 said working electrode is platinum, said 

2 counter electrode is silver and said 

3 reference electrode is a silver/silver 

4 chloride type electrode. 
5 

6 8. A biosensor as claimed in either of Claims 6 

7 and 7, wherein said glass membrane is 

8 cylindrical in shape and has a diameter 

9 ranging from about 200 and 300um. 
, ; '•• 10 

11 9. A biosensor as claimed in any of Claims 6 to 

12 8, wherein said probe is a dual-barrelled 

13 probe which is used as a quasi-differential 

14 device and wherein said enzymes are 

15 immobilized on only one of the barrels and 

16 the difference signal between the two barrels 

17 measured. 
18 

19 10. A biosensor as claimed in any of Claims 1 to 

20 9, whetein the ratio of adenosine deaminase: 

21 nucleoside phosphorylase is in a range from 

22 1:100 to 1:1, especially 1:10 to 1:1, and 

23 wherein ratios of nucleoside phosphorylase: 

; 24 xanthine oxidase is in a range from 1:100 to .: 

1 S; 25 1:10, especially 1:50 to 1:10. 

26 

27 11. A biosensor as claimed in Claim 10, wherein 

28 the ratio of adenosine deaminase: nucleoside 

29 phosphorylase: xanthine oxidase is in a range 

30 from 1:1:50 to 1:5:200. 
31 

32 12. A biosensor as claimed in Claim 11, wherein 

33 the ratio of adenosine deaminase: nucleoside 

34 phosphorylase: xanthine oxidase is 

35 approximately 1:2:100. 
36 
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13. A method of detecting adenosine in a sample, 
said method comprising exposing the sample to 
the enzymes adenosine deaminase, nucleoside 
phosphorylase and xanthine oxidase, or 
functional equivalents thereof, such that the 
enzymes can act sequentially on the sample, 
and measuring the production of hydrogen 
peroxide there from, 

14. A method of monitoring the amount of 
adenosine in an patient which comprises 
repeatedly measuring the amount of hydrogen 
peroxide in a patient over time according to 
the method as claimed in Claim 13. 

15. A method of diagnosis and treatment of 
pathological conditions that result from 
faulty regulation of adenosine, said method 
comprising detecting the levels of adenosine, 
in a patient by exposing at least one sample 
of said patient to the enzymes adenosine - 
deaminase, nucleoside phosphorylase and 
xanthine oxidase, or functional equivalents 
thereof; such that the enzymes can act 
sequentially on the sample; and measuring the 
production of hydrogen peroxide there from. 

16. A method of monitoring drug requirements in a 
patient, wherein said drug affects the in 
vivo levels of free adenosine in a body fluid 
or an organ of said patient, said method 
comprising detecting the level of adenosine 
as described in Claim 13. 

17. A method of monitoring adenosine levels in a 
patient before, during and/or after surgery, 
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wherein the adenosine levels are detected 
according to the method described in Claim 
14. 
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